).
type from predominantly notochordal cells (NCs) to predominantly small nucleus pulposus cells (SNPCs) is associated with maturation, and the loss of NCs has been speculated to initiate the onset of IDD in humans. 5, 6 NCs secrete soluble factors that are essential for patterning and maintaining the healthy avascular and aneural IVD; hence loss of such factors during growth and aging may contribute to disease progression. Seminal work by Aguiar et al demonstrated increased proteoglycan synthesis of NP cells when cocultured with NCs, as a first demonstration of the therapeutic potential of NCderived factors, and this was followed by studies examining NC-derived factors on mature human NP and mesenchymal stem cells (MSCs) in vitro. [7] [8] [9] NCs also influence annulus fibrosus (AF) cells and may have potential to suppress the expression of proinflammatory cytokines. 10 Therefore, NCs may secrete "candidate" factors that could be harnessed for therapeutic effect to limit or reduce the symptom-causing pathologies of IDD. Structural disruption of the IVD is commonly reported morphologically and with imaging. 11, 12 Ingrowth of nociceptive nerve fibers deep within the IVD has also been reported in the painful degenerate human IVD and has been suggested to be one of the sources of discogenic pain. 13, 14 "Targets" for these factors therefore include structural disruption, inflammation, and neurovascular ingrowth, which may all interact at different stages of degeneration. The purpose of this systematic literature review is to identify possible candidates and explore the hypothesis that candidates found in or derived from the notochord or NCs can address targets in IDD. We also highlight the concept of a cocktail treatment that focuses on both structural restoration and also symptoms associated with discogenic back pain and a need for screening in in vivo animal models for validation of such candidates.
Methodology for Literature Search
PubMed was used as the principal database with a primary search of "(notochordal OR notochord) And (nerves OR blood vessels OR SHH OR chondroitin sulfate OR notch OR CTGF) NOT chordoma." Keywords for this systematic search were chosen based on the main theme of the study, which includes the notochord-and NC-derived therapeutic candidates and pathways (e.g., SHH, CS, CTGF, and Notch) and their potential targets in IDD associated with discogenic pain (nerves and blood vessels; ►Fig. 1). We define "therapeutic candidates" as factors from NCs that are essential in development and homeostasis of the immature IVD with proanabolic/proliferative, anti-inflammatory, or antineurovascular properties. We define "targets" as aspects of IDD that require structural regeneration or a reduction in symptoms associated with pain. A total of 390 articles were identified and of those 389 met the inclusion criterion of being in the English language. The titles and contents of the publications were then reviewed based on relevance to: (1) notochord and NCs, (2) development of the IVD and notochordal signaling pathways, (3) therapeutic candidates, and (4) targets of IDD (nerves, blood vessels, pain, and catabolism/anabolism). We identified 37 key publications of interest from the primary search (Appendix; ►Table 1). To ensure key areas were not excluded from the review, secondary searches were performed, which yielded 49 additional publications within the above inclusion criteria. Human and animal, in vivo, ex vivo, and in vitro studies were all included. Studies on chordoma or unrelated to the IVD were excluded from the review.
The Notochord: A Multicue Signaling Center That Patterns the IVD The notochord is a rodlike midline structure of mesodermal origin that rises from the embryonic dorsal organizer.
1 The function of the notochord is regulated by several growth Fig. 1 Schematic of primary and secondary systematic searches used to identify key publications with PubMed as the principal search engine. A primary search of "(notochordal OR notochord) And (nerves OR blood vessels OR SHH OR chondroitin sulfate OR notch OR CTGF) NOT chordoma" identified 390 articles. Of these publications, 37 were considered relevant to the review and were written in the English language. Secondary searches were performed to ensure key areas were not excluded, yielding 49 addition publications.
Global Spine Journal Vol. factors, signaling pathways, and transcription factors, which include transforming growth factor-β (TGFβ), Notch, Hedgehog, Wnt/β-catenin, Brachyury (T), Noto, Fox (hepatocyte nuclear factor [HNF]-3/Foxa2/FoxD), and SRY-like box (SOX). [15] [16] [17] [18] [19] [20] [21] [22] The notochord functions as a signaling center during embryonic development and secretes a diverse array of ligands, which pattern surrounding tissues and specify cell fate for the central nervous system, blood vessels, somites, and formation of the IVD. 1, 4, [23] [24] [25] [26] [27] [28] [29] However, studies have
shown that the floor plate is sufficient for development of the sclerotome or vertebrae without the notochord. 30 The notochord has a mechanical role and provides the embryo with a rigid axial skeleton until the vertebrae and spinal column are formed. The notochord is composed of large vacuolated cells surrounded by a perinotochordal sheath rich in extracellular components such as laminin and coatomers. 1 The interaction of Notch and Hedgehog signaling is essential for appropriate formation of the sheath.
17,31
The sheath is thought to help support the mechanical displacement of the notochord from the vertebrae during formation of the spine. This process involves recruitment of somites alongside the notochord and condensation of the sclerotome 110 Kim et al 2012, 106 Purmessur et al 2011, 8 Abbott et al 2012, 7 Erwin et al 2011, 107 Korecki et al 2010, 105 Cappello et al 2006, 63 Aguiar et al 1999 9 Matricellular proteins (CTGF/Tenascin/Clusterin) Degenerate SNPCs and MSCs Purmessur et al 2011, 8 Erwin 2008, 111 Erwin et al 2006, 45 Chiou et al 2006 44 Hedgehog family Degenerate SNPCs and MSCs Bruggeman et al 2012, 34 Choi et al 2012, 35 Dahia et al 2012, 36 Choi and Harfe 2011, 17 Dahia 46 Maier et al 2013, 47 Risbud et al 2010, 71 Beckers et al 2007, 48 Behrens et al 2003, 51 56 Johnson et al 2005, 87 Fujita and Nagata 2005, 55 Lemons et al 2005, 118 Masuda and Shiga 2005, 116 Masuda et al 2004, 54 Johnson et al 2002 86 region of the somite to form bands corresponding to regions of the future vertebrae and IVD, respectively (►Fig. 2).
1,32,33
The notochord is removed from the regions of the developing vertebra through involution; however, it persists in the region of the developing IVD to form the NP. The sclerotome region goes on to form the AF, end plate, and vertebrae. All mammals possess a notochordal NP; however, in avian species the notochord persists as a rodlike structure throughout development and the IVD originates from the somites only. 
42
The FGF family also plays a role in maintenance of the notochord and NC fate. FGF2 together with Activin promotes Foxa2 and T expression in embryonic stem cells. FGF8 is essential for initiation of T expression, as loss of function of this growth factor disrupts the induction of the T gene.
39,43
CCN2/CTGF is part of the extracellular matrix heparin-binding family of proteins, and developmental knockdown studies in zebrafish as well as studies examining the effects of NCconditioned media (NCCM) have demonstrated an essential role in IVD maintenance and homeostasis. Specifically, CCN2/ CTGF is expressed in the early notochord of zebrafish, and when the gene is knocked down, the notochord fails to form correctly.
44,45
Transcription factors (e.g., Foxa2, T, Noto, SOX5/-6, and Jun) as well as Notch and Wnt/β-catenin signaling pathways support the formation, development, and differentiation of the notochord and NP. Foxa2 is the master transcription factor for notochord specification and differentiation and together with Foxa1 influences the formation of the IVD.
19,46,47 T and
Noto function downstream of Foxa2 and play critical roles in differentiation of the rostral and caudal/posterior regions of the notochord, respectively. 48-50 SOX5/-6 regulates the formation of the perinotochordal sheath and NC survival. In animals lacking SOX5/-6, the IVD is devoid of an NP and the sheath is much thinner. 20 Transcription factor Jun is also critical in later stages of embryogenesis as selective deletion of the Jun allele increases NC apoptosis and disk hypocellularity. 51 Notch and Wnt/β-catenin signaling play influential roles during patterning and help to maintain the notochord during embryogenesis. 16 Notch is required for formation of (4) . The young NP is highly gelatinous and cellular with large vacuolated NCs. There is distinct demarcation between the NP and AF. (5) The mature IVD transitions with a more fibrous NP region with increased extracellular matrix and decreased cellularity; small nucleus pulposus cells are the predominant cell type in the NP. (6) The degenerate IVD is characterized by a loss of demarcation between the NP and AF, loss in cellularity, structural fissures (white), which provide a path for neurovascular ingrowth (red and brown lines). This figure and concepts are modified from Smith et al, 33 Stemple, 1 and Fleming et al. CS proteoglycans are present within the notochord and are biochemically and immunologically distinct from proteoglycans found in cartilage. 52 A role for CS has also been suggested with respect to patterning of the developing nervous system. 53 Work by Masuda et al has shown a direct interaction between CS from the notochordal core and DRG repulsion.
54
During later stages of development, repulsion is transferred to the perinotochordal sheath. The mechanism by which CS interacts with and inhibits nerve ingrowth is not completely understood, although a role for the receptor contactin interacting with CS directly has been proposed. 55 CS can interact with antineural inhibiting factors by either facilitating inhibition directly or by acting as a reservoir for these proteins.
56
The notochord is also the primary signaling center for inhibition of blood vessel formation along the embryonic midline. Noggin and Chordin are possible candidates for mediating NC-derived repulsive effects. 4 Mechanistic studies have shown that notochordal BMP-antagonists Noggin and Chordin inhibit angiogenesis in the mesoderm in cell culture studies and that these effects are mediated through inhibition of endothelial cell differentiation and assembly of tubules in vivo. 57 Studies by Meadows et al have confirmed the neurovascular inhibiting potential of the notochord and suggest Semaphorin 3E has the ability to inhibit both innervation and angiogenesis simultaneously.
58

Growth and Maturation of the IVD
During growth, the NP is composed of a gelatinous core populated predominantly by large vacuolated NCs with a small percentage of SNPCs. 5, 6, 59 The NP is contained circum- showed that NCs produce a matrix that is distinct from SNPCs and lack an abundant and protective pericellular matrix.
63
The transition of the NP from NCs to predominantly SNPCs is also thought to be associated with the onset of disk degeneration as species such as rabbit and pig that retain NCs into adulthood do not experience IDD. 5, 6 The young IVD with a notochordal NP matures with an increase in fibrous matrix and decrease in cellularity (►Fig. 2). In humans, this is often followed by progression to IDD with an increase in structural disruption, neurovascular ingrowth, and pain.
Mechanisms of Maturation, Loss of Notochordal Cells, and Origin of Small Nucleus Pulposus Cells
Maturation of the IVD and transition of cellularity from NCs to SNPCs is associated with changes in the microenvironment of the IVD that occur simultaneously with growth and aging. Nutrition plays an important role in maintenance of the NC population. [64] [65] [66] NCs have higher metabolic rates when compared with SNPCs, and hypoxia can increase rates of glycolysis, suggesting that NCs require more nutrients than SNPCs.
65
Guehring et al showed that mechanical compression of the IVD in an in vivo rabbit model can decrease the number of NCs over time from 70 to 10% at 56 days. 64 Thus mechanical stress and reduced nutrition are both considered essential factors in maturation of the IVD. This is supported by computational studies by Louman-Gardiner et al suggesting an insufficient nutrient supply and altered physical microenvironment are responsible for loss of NCs over time. 66 Injury can also induce loss of NCs in species that normally retain NCs into adulthood. Needle puncture injury in a rat tail model transitions the IVD first to a "chondrogenic" phenotype with an increase in SNPCs and proteoglycan, then to a more degenerate fibrocartilaginous phenotype with loss of SNPCs and proteoglycans at 6 to 12 weeks.
67
In species that experience IDD, NCs are believed to disappear by early adolescence 59 ; however, studies in both the adult bovine and human IVD have recently demonstrated the presence of cells expressing NC markers such as vimentin, cytokeratin-8, and galectin-1 that are phenotypically similar to NCs in cytomorphology. 68, 69 This is in conflict with previous studies that suggest NCs disappear from the adult IVD altogether in species such as bovine and human. 5, 59 In the mouse IVD, T is expressed in the adult disk although at reduced levels. 70 The function of this small population of 
Intervertebral Disk Degeneration
IDD is a complex multifactorial disorder associated with genetic, mechanical, and environmental components. Due to its complexity, the mechanisms associated with disease onset and what makes a degenerate IVD painful versus nonpainful are poorly understood. We consider painful IDD to be a pathologic cell-mediated remodeling of the IVD characterized by structural disruption, loss of cellular homeostasis, and increased catabolism as well as inflammation and neurovascular ingrowth.
Structural Degradation and Disease
Aging and degeneration of the IVD leads to changes in biochemistry and structure. Homeostasis of anabolic and catabolic processes shifts to catabolism and increased matrix degradation. Increased cell death coupled with an upregulation of inflammatory cytokines, such as interleukin (IL)-1β and tumor necrosis factor-α (TNFα), also perpetuate matrix breakdown through increased expression of MMPs and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTs). [77] [78] [79] [80] Loss of glycosaminoglycans causes a decrease in osmotic and hydrostatic pressure impairing mechanical function with uneven force distribution and stress in the disk. 81 Continued loss of mechanical function can lead to AF tears and herniation of the NP. Furthermore, calcification and thinning of the end plates result in decreased permeability and nutrient diffusion. 82 Overall, disk degeneration is characterized by structural changes with loss of matrix and calcification of the end plates, which leads to decreased mechanical function and a hostile cellular microenvironment with increased inflammatory cytokines, catabolic enzymes, and decreased nutrition.
Symptomatic Changes: Neurovascular Ingrowth, Inflammation, and Pain
The healthy IVD is largely avascular and aneural; however, in painful IDD an increase in neurovascular ingrowth has been observed. Ingrowth of nociceptive nerve fibers that express the neuropeptide Substance P and axonal elongation marker GAP43 have been identified within the inner AF and NP of painful human IVDs. 13, 14 This is corroborated by studies that have demonstrated ingrowth of nerves expressing the highaffinity receptor for nerve growth factor (NGF) TrkA alongside microvascular blood vessels, which also express NGF.
83
Seventy-five percent of the nerves that innervate the rat lumbar IVDs express TrkA including the low-affinity receptor for NGF p75NTR. 84 We have identified nerve fibers and blood vessels in the AF, NP, and end plates of degenerate human IVDs including their presence in Schmorl nodes using antibodies for PGP9. 5 Sema3A has also been observed in the degenerate human IVD, in particular for the AF, which may also contribute to increased neurovascular ingrowth in painful IDD.
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Can We Harness the Therapeutic Potential of Notochordal Cell-Derived Candidates?
The notochord has the ability to synthesize and express anabolic ligands, transcription factors, and neurovascular guidance molecules, which are essential during IVD development, and NCs in the immature IVD maintain homeostasis through the secretion of soluble factors. Such factors could be extrapolated from both the embryonic and immature NCs, identified and recombinant biologics generated to be utilized for therapeutic effect. We propose a novel hypothetical model by which both structure (anabolic) and symptom-modifying (anti-inflammatory/antineurovascular) candidates derived from the notochord can be isolated and used to treat targets identified in the painful IVD (►Fig. 4). The concept that NCs are a source of symptom-modifying factors is indeed recent, propose a theory in which such factors could be combined to generate a cocktail therapy to address both structural regeneration of the disk as well as inflammation and neurovascular ingrowth (►Table 1).
An attractive feature of using NC-derived candidates is that they are naturally occurring and diverse with a multitude of functions. However, one of the downsides of using NCs is that the factors secreted are complex and can serve as morphogens with distinct functions based on the time of treatment, dosage, and even concentration gradients. This is certainly the case with SHH, TGFβ, and other factors that serve multiple functions, such as Hedgehog proteins demonstrating the potential to promote angiogenic processes. 101 As a consequence, screening studies to examine efficacy and safety in appropriate in vivo animal models are necessary to validate the effects of the potential candidates.
Notochordal Cell-Derived Structure-Modifying Factors
Bioactive factors secreted by the notochord and NCs can target structural restoration of the degenerate IVD. Yet few candidate ligands (only CTGF and TGFβ3) from the notochord have been identified to date as demonstrating therapeutic potential. 7, 45 Signaling ligands and pathways such as Hedgehog, TGFβ, FGF, Wnt/β-catenin, and Notch can be added or modified as recombinant proteins to target degenerate SNPCs or adult human stem cells and promote anabolic processes and matrix synthesis as well as enhance a young NC-like phenotype in the cells. We also suggest that transcription factors regulated by these pathways such as Foxa2, T, and Noto can be considered candidates and modified to induce similar effects. Recent studies have used transfection of chondrogenic transcription factor genes SOX5, -6, and-9 to induce differentiation of bone marrow-and adipose-derived MSCs down the chondrocyte lineage. 
Notochordal Cell-Derived Symptom-Modifying Factors
During embryonic development of the spine, the notochord secretes neurovascular inhibiting candidates such as the Semaphorins, Noggin, Chordin, and CS, and these factors also function in adulthood to maintain homeostasis. We suggest that such candidates could be isolated and used as recombinant biologics to target neurovascular ingrowth in painful IDD. Similarly, the receptors on the ingrowing nerves to which some of these ligands bind, such as neurophilins, contactin, and axonin-1, can also be modulated with the potential to inhibit neural ingrowth. Studies have demonstrated that NCs isolated from species that retain these cells through to adulthood (rabbit and canine) have anti-inflammatory, antiapoptotic, and neural inhibiting effects. NCCM from rabbit NCs decreases the expression of inflammatory markers such as inducible nitric oxide synthase and Cyclooxygenase-2 in AF cells treated with IL-1β.
10 Similar effects were observed when rabbit NCs were cocultured with both human AF cells and macrophages with additional decreases in IL-6 and IL-8 gene and protein expression. 106 NCCM from canine NCs reduces cell death and has an antiapoptotic effect on bovine NP cells treated with IL-1β in vitro as well as upregulating aggrecan and collagen type II and downregulating MMP3. 107 These studies suggest that
NCs can produce soluble factors that inhibit inflammation and catabolism; however, the specific soluble factors remain to be elucidated. Coculture studies examining the effect of NCs and mature NP cells from rat IVDs on rat DRGS showed that NCs at intermediate and low concentrations with high concentrations of NP cells induced the greatest inhibition of neurite outgrowth. 96, 107, 108 These studies support the proposed model that the notochord and NC-derived candidates can be utilized to target neurovascular ingrowth and inflammation associated with painful IDD; however, their validation for therapeutic effect warrants further investigation.
Limitations and Challenges of Notochordal Cell-Derived Therapies
The IVD is faced with several challenges with respect to biological therapies that have the potential to restore structure/function and limit pain. Due to its low cellularity, limited nutrition, and lack of blood supply, the inability of the IVD to repair itself has been described by some as "frustrated healing." 82, 109 Sclerosis of end plates contributes to a hostile microenvironment that is not favorable for the injection of stem cells or growth factors. Therefore the time at which to intervene or the grade of degeneration to target becomes critical, and this is largely dependent on diagnosis of disease or identification of biomarkers characteristic of IDD. For NCderived therapies to be successful, when to intervene is important and we suggest that such therapies should target early stages of degeneration: Thompson grades III to IV. However, later stages of disease are often associated with symptomatic changes, and therefore in such cases it may be plausible to still intervene if the pain can be reduced or limited directly by neurovascular inhibiting factors. Alternatively notochordal-based therapies could be combined with treatments that may address calcification of the end plate and improve nutrition. Based on our exclusion criteria, we eliminated publications on "chordoma" from this literature review as it was considered unlikely that such articles would identify any potential candidates. Yet at the same time we excluded publications that may yield important information on factors or signaling pathways to avoid based on their association with cancer, which could be considered a limitation of the review. However, the mechanism of how chordomas arise is largely unknown, and such concerns can be addressed in future studies validating efficacy and safety of candidates.
The concept that NC-derived factors could be used for therapeutic effect is recent, and as a consequence, there are very few studies to date that have examined their symptommodifying potential or effects in vivo, although several in vitro studies have examined the effect of NCs and the soluble factors they secrete on IVD cells and MSCs. This review highlights a need to validate the efficacy and safety of possible candidates described here; a series of in vivo studies are required in suitable animal models representing IDD and painful IDD.
Conclusions
Understanding concepts from development can help to inform minimally invasive strategies for discogenic back pain. The notochord and NCs pattern the IVD during development and help to maintain biosynthesis/homeostasis in the avascular and aneural IVD through the secretion of a multitude of factors that have the potential to be used as therapeutic candidates. This systematic review supports the theory that proteins, developmental ligands, and transcription factors important in development could be used as candidates with potential to target the structural changes and pain often associated with IDD. NC-derived candidates could be used in combination as a therapeutic cocktail treatment with the potential to promote anabolism and structural repair while limiting neurovascular ingrowth. This review synthesized the literature to identify several possible factors that may be able to be translated directly or with modification to therapeutic strategies for IDD. Remaining research priorities include identification and isolation of factors produced by NCs, mechanistic evaluation of those factors on identified targets, and validation of their therapeutic potential under physiologically relevant conditions in in vivo animal models of disk disease that can then be translated to the human condition. 
